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Abstract. The James Clerk Maxwell Telescope has been usiéese bright sources. Finally, we consider the possibility that
to obtain submillimeter and millimeter continuum photometrihe IRAS sources are high-mass pre-ZAMS (or pre-H-burning)
of a sample of 30 IRAS sources previously studied in moleculalbjects deriving most of the emitted luminosity from accretion.
lines and centimeter radio continuum. Allthe sources have IRAS
colours typical of very young stellar objects (YSOs) and akey words: stars: circumstellar matter —stars: formation — stars:
associated with dense gas. In spite of their high luminositipee-main sequence — ISM:1idregions — submillimeter
(L 2 10* Ly), only ten of these sources are also associated
with a radio counterpart. In 17 cases we could identify a clear
peak of millimeter emission associated with the IRAS source, )
while in 9 sources the millimeter emission was either extendéd 'ntroduction
or faint and a clear peak could not be identified; upper limitshe |ast few years have seen a rapidly growing observational
were found in 4 cases only. activity aimed at the identification of intermediate- and high-
The submm/mm observations allow us to make a more afass star forming sites exhibiting a wide range of evolution-
curate estimate of the source luminosities, typically of the ordgyy stages from UltraCompacttHUC Hi1) regions (Wood &
of 10" L,. Using simple greybody fitting to model the observeghurchwell 1989), to “Hot Cores” (Cesaroni et al. 1994), and
spectral energy distribution, we derive global properties of thgoto-Ae/Be stars (Hunter et al. 1998; Molinari et al. 1998b).
circumstellar dust associated with the detected sources. We m characterization of the earliest Stages of high-mass star for-
that the dust temperature varies from 24 K to 45 K, while th@ation, given their shorter evolutionary timescales, is more dif-
exponent of the dust emissivitys frequency power-law spansficylt than for low-mass objects. The observational approach to
arange 1.56 3 <2.38, characteristic of silicate dust; totathe search of the youngest high-mass forming objects was first
circumstellar masses range up to more than 500 formulated by Habing & Israel (1979): the likely candidates
We present a detailed analysis of the sources associated Witfist have high luminosity, be embedded in dense circumstel-
millimeter peaks, but without radio emission. In particular, Wgyr environments, and they should not be associated with H
find that for sources with comparable luminosities, the totadgions.
column densities derived from the dust masses do not distin- We have undertaken a Systematic Study aimed at the iden-
guish between sources with and without radio counterpart. igcation of a sample of massive protostellar candidates; the
interpret this result as an indication that dust does not playdole process is summarized in Fig. 1. Initially, a list of 260
dominant role in inhibiting the formation of thertregion. We  sources with 6am flux greater than 100 Jy was compiled from
examine several scenarios for their origin in terms of newbofife |IRAS-PSC2, according to the colour criteria of Richards
ZAMS stars and although most of these (e.g. optically thick Het al. (1987) for compact molecular clouds. This sample was
regions, dust extinction of Lyman photons, clusters insteadtfen divided into two groups according to their f252] and
single sources) fail to explain the observations, we cannot g0—12] colours: theHigh sources, which have [2512]>0.57
clude that these sources are young stars already on the ZAMg| [60-12]>1.3 characteristic of association with UGiHe-
with modest residual accretion that quenches the expansioyeins (Wood & Churchwell 1989), and thew sources, with
the Hi region, thus explaining the lack of radio emission ipp5_12]<0.57 or [60-12]<1.3. We note that the [2512] and
[60—12] IRAS colours ofLow sources are different also from
Send offprint requests t&. Molinari, IPAC/Caltech those of T Tau or Herbig Ae/Be stars, but are similar to those
(molinari@ipac.caltech.edu) of normal Hi regions (Palla et al. 1991). The lowes® maser




618 S. Molinari et al.: A search for precursors of UCHII

Selection criteria on IRAS-PSC2 cal test to our conjecture was to verify the occurrence of radio
continuum emission frondigh and Low sources. Molinari et
al. (1998a, hereafter Paper Il) observed with the VLA at 2 and

260 6-cm, 37Low and 30High sources with ammonia detections.
We found that 76% of.ow and 57% ofHigh sources are not
/ \ associated with UC H regions?, confirming the goodness of
125 “HIGH” “LOW?” 135 the FIR colour-based separation betwé#gh andLow as an
(26%) detected HyO (9%) indicator of presence/absence of a compact radio counterpart,
(Palla et al. 1991) and further reinforcing our assumption about the relative youth
30 Chsorved NI 33 of theLowgroup; this idea is also supported by the recent iden-
3 tification (Molinari et al. 1998b) of a massive Class 0 (Amét
al. 1993) object in th&ow group.
The purpose of the present observations is twofold. On the
. . one hand we wish to complete the selection process started by
63 (80%) dot((;:f)?rl\Il)Hg (45%) 38 Palla et al. (1991) by identifying those objects of the initial

sample which are associated with peaks of dense gas and dust
and do not show a radio continuum counterpart (see Fig.1 and
30 observed radio 37 Sect. 3.1). On the other hand, in order to verify that different
evolutionary stages are present in ttav group, we need to
understand the physical nature of the distinction betwermn
sources with and without radio counterpart: is the tégion
really absent in the latter group, or is some mechanism, inde-
pendent of the evolutionary state of the sources, responsible for
inhibiting the formation of the H region? It is a general re-
observed (sub-)mm 30 sult from radio continuum observations of UGiHegions (e.g.
Wood & Churchwell 1989; Paper II) that the Lyman continuum
flux required to explain the observed radio continuum emission
is generally lower than what is expected based on the luminosity
) and spectral type of the ionizing star. Dust certainly plays a role
(this Paper) AND by absorbing a relevant fraction of the ionizing UV continuum
) (Aannestad 1989) and one may ask whether the high rate of non
l detection in radio continuum for tHeow sources might not be
12 accounted for by the properties of the dust in their circumstellar
(see footnote 1) environment. Millimeter continuum observations are therefore

Fig. 1. Flow-chart for the selection of the sample of intermediate-ténandatory to .shed light on th's issue. So far, the. only infor-

high mass candidate protostellar objects. The final sample consist§&tion regarding the association of thew sources with dense

12 objects detected in the (sub-)ymm and not associated with ragifcumstellar environments comes from the single-pointing am-

continuum. However, one of these objects (#12 in Table 2) has bdB@nia measurements (Paper I) and it is important to check for

recently detected at 3.6 cm, as explained in footnote 1.) the presence of dense and compact cores. The present paper de-
scribes such observations; details of the observations and data
reduction procedures can be found in Sect. 2, while data anal-

detection rate found towardsow sources (a factor of 3 lower Ysis methods and results are described in Sect. 3. The derived
than forHigh sources) was interpreted as an indication of relglobal properties and the nature of the detected sources are dis-
tive youth, and we concluded that thew group might contain cussed in Sect. 4 and 5; the main conclusions are summarized
a fraction of young sources whose formation process has notiebect. 6.
proceeded far enough to produce a fully-developed ZAMS star
(Palla et al. 1991); theow group thus represents an optimuny  opservations
target group to search for high-mass protostars.

We observed the Ni{1,1) and (2,2) lines in a subsample oPbservations were performed with the James Clerk Maxwell
80High and 83Lowsources to check for association with denskelescope (JCMT) from 3 to 5 September 1994, and the UK-

gas (Molinari et al. 1996, hereafter Paper I). A result was thﬁERV program provided service observations on several occa-
the linewidth ratioA vy, /Avy; is correlated with the [2512]  Sions between November 1994 and June 1995. We observed

colour, increasing from values 1 to values < 1 going from 1 pecent VLA (3.6 o - D config.) observations indicate that two
LthO H|gh sources. We SpECU|ated that |0WEI’ I|neW|dth rat|q_%w sources (#3 and #12 in Table 2) may be associated with a ra-
in Low sources were indicative of a lesser degree of activity iflo counterpart. The detected signals are compatible with the non-
the central regions with respect to thiigh sources. A criti- detections at 2 and 6 cm reported for these two sources in Paper I1.

17 (57%) NON detected radio  (76%) 28
(Paper II; see footnote 1)

detected (sub-)mm  (57%) 17
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30 Low sources, 10 of which are associated with radio contiffable 1. Journal of Observations
uum (Paper I, but see footnote 1). In each observing sessionthe

common user UKT14 bolometer (Duncan et al. 1990) was usé&e/code 7cso Band 7 Gain Int.

with a focal plane aperture of 65 mm at all wavelengths; thi-mm-yy (mm) (Jy/mV) unc.

corresponds to & 18”.5 HPBW for wavelengths from 0.35 t003-09-94/A 028 08 142 1731 6%

1.1 mm, increasing to 195 and 27at 1.3 and 2.0 mm respec- 11 058 1282 3%

tively (Sandell 1994). Azimuthal chopping was done with an 13 048 1270 2%

amplitude of 60, and frequency of 7.813 Hz. 20 023 3698 1%
Observations were centered on the IRAS PSC-2 coordinafds09-94/B 0.22 08 167 1207 11% 1

and one or more cross maps in [Az, El] at 1.1 mm witH &pac- 11 066 1187 5% 1

ing (called a FIVEPOINTS cycle) were done to maximize the 13 054 1174 3% 1

signal and locate the position of the millimeter emission peak, 20 029 3425 2% 1
where subsequently observations in the other bands were m&ge9-94/C 015 08 116 1061 5%

The control computer automatically estimated the centroid po- 11 039 1223 3%
sition from each FIVEPOINTS cycle; if this position was more 13 019 1452 2%
distantthan 3-4from the center of the cross map, another FIVE- 20 026 3132 1%
POINTS cycle centered on this new position was performe#-11-94/S-D 002 045 - 2409  10% 2
Obviously no photometry was done when no 1.1 mm emission 08 - 8.12 5% 2
was detected during the maximization procedure, or when the 13 — 10.98 15% 2
emission was faint and diffuse and an emission peak could A8t01-95/S-E  — 035 109 1970 11%
identified. During the September 1994 run only 0.8-2.0 mm 045 1.02 1464 9%
photometry could be done as weather conditions prohibite@-01-95/S-F =~ — 035 — 57.74 10% 3
observations at shorter wavelengths. In these cases UKSERV 045 - 3582 10% 3
provided the needed photometry, pointing at the previously de- 08 - 9.43 5% 3
termined 1.1 mm peak and performing FIVEPOINTS cycles 11 - 1069 4% 3
at 0.45 mm to estimate possible shifts between emission cen- 13 - 1413 15% 3
2.0 - 37.07 6% 3

troids at different wavelengths. UKSERV also provided com-
plete 0.35-2.0 mm photometry of the few sources which h86-06-95/S-G 035 077 6537 5%
not been observed in the September 1994 run. 045 102 1912 9%
Standard sources from the compilation of Sandell (1994otes to table:
were observed at different airmasses to allow an estimatelofAirmass coverage of the standards was not sufficient to determine
the optical depths, and detector gain&'y (in Jy/mV) in the reliable optical depths and gains. So, standards done in this night were
various bands. Following Stevens & Robson (1994), theflux merged with the same standards done in the previous night, as the
(in Jy) and the signa$, (as measured in mV from the detector§ignal from the same standards at same airmass in the two nights is

of a source at a given airmass A can be expressed as comparable within few%. o
2 - Only 1 source and 1 standard were observed in this night.

InF — InS = InGy+ n A (1) 3 - Airmass coverage of the observed standards was not sufficient to

determine optical depths and gains from Eq. (1). Each observed source

We thus have a set of valuda [F' —In S, A] for each stan- was reduced using a standard observed immediately before or after and
dard (where5 and A come from the observations, aftis tab- at comparable (within 0.1) airmasses.

ulated by Sandell 1994); a linear regression using all standards

observed in the course of a night will then provide thethe

slope) and~ ) (e-base power of the intercept). These values are If the airmass coverage of the standards was not sufficient to

then used to compute the standards’ fluxes which are compadedve reliable optical depths and gains using Eq. (1)(sessions

to the tabulated values (Sandell 1994) to get an estimate of Biand S-F), or if just one standard was observed (session S-D),

standards’ intercalibration uncertainties in all bands: these aach source was reduced using a standard at comparable air-

added in quadrature with the intrinsic statistical uncertaintiesmfass and observed immediately before or after the source; in

the measurements to get the total uncertainty. this case only the gain is reported in Table 1, and the intercali-
Information about the observations is summarized in Thration uncertainty was conservatively assumed to be equal to

ble 1 where we give: [Column 1] date of observations andtle maximum, for each band, of the uncertainties estimated for

code used to identify the session, where 'S’ stands for ‘serviak the other nights.

observations’; [Column 2] the 1.3 mm optical depth as measured Using information in Table 1 we can compute fluxes of tar-

through continuous skydips by the nearby Caltech Submillimget sources in all bands. Four sources (#45, 75, 82 and 98)

ter Observatory (CSO); [Column 3] the central wavelength afere mappean-the-flyat 1.1 mm by chopping in an adjacent

the photometric band; [Columns 4-5] optical depth and detdield with the telescope stepping by 4nd integrating 2 sec-

tor gain in each band; [Column 6] intercalibration uncertaintgnds on each point; the final maps were reconstructed using the

[Column 7] notes. NOD2 software, and cover d 2 2' field approximately. For
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Fig. 2. Maps of thex = 1.1mm emission for th&ow sources where a clear emission peak was found. Most of them are reconstructed from the
FIVEPOINTS crosses made to maximize the source signal and locate the peak. On-the-fly maps are presented for sources #45, 75, 82 and 98 (the
grey circle on the bottom left indicates the telescope beam FWHM); note that the reconstruction of the maps with the NOD2 package was only
possible at the telescope. It was not possible to make a very careful removal of mapping artifacts, and features other than the main peak are to be
considered uncertain. The full triangles represent the nominal position of the IRAS source; the asse@atedellipse is also indicated with

a full line. The small empty star-like symbols represent the observed positions during the FIVEPOINTS cycles. The positions and extensions
(when resolved) of the associated radio counterparts are indicated as asterisks and dashed ellipses respectively. Contours levels are spaced at
10% of the maximum flux, and a greyscale is also superimposed for clarity. 16 out of 17 maps are shown because no FIVEPOINTS cycles for
source #12 was done; new unpublished SCUBA maps show that the IRAS position for #12, used for the pointing in the present observations,
coincides with a millimeter continuum peak.

other sources, limited information about the spatial distributid Results and data analysis

of the emission can be derived from the FIVEPOINTS Cyd?ne results of the observations are listed in Table 2, organized

gci)gnezto locate the emission peak. All the maps are IOresenteas"}ollows; [Column 1] source number as in Paper |; [Column 2]
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Table 2.Observations

) &) 3 4 ®) ) (7 C) 9) (10) 11)
Mol #* Obs. code IRAS Pos. A1 1mmPos. Observed Fluxes (Jy)
«(1950) 0(1950) 0.35 0.45 0.8 1.1 1.3 2.0
Detected Sources
8 S-F 05:13:45.8 +39:19:09.7 0,0 17(2) 7.0(0.7) 1.05(0.02) 0.38(0.02) 0.29(0.06) 0.09(0.05)
a2y S-F 05:37:21.3 +23:49:22.0 bpoP 41(5) 18(2) 2.73(0.03) 0.91(0.04) 0.7(0.1) 0.3(0.1)
28 S-F 06:58:27.9 —08:52:11.0 0,0 5(1) 2.2(0.4) 0.36(0.03) 0.120(0.03) 0.13(0.05) 0.16(0.08)
30 S-E/B  17:45:00.5 —27:42:22.0 +6, +10 27(3) 15(2) 1.2(0.3) 0.40(0.07) 0.21(0.08) <0.06
38 S-E/BY  18:02:25.5 —21:19:58.0 —3,+8 80(9) 41(4) 3.9(0.5) 1.27(0.08) 0.89(0.04) 0.24(0.06)
45 S-E/B 18:14:29.8 —17:23:23.0 —-9,+4 120(10) 60(5) 4.0(0.5) 1.63(0.09) 1.20(0.04) 0.29(0.06)
50 B 18:16:14.4 —16:12:38.1 0,0 24(3) 14(1) 1.9(0.3) 0.44(0.04) 0.29(0.03) 0.16(0.08)
59 S-E/C  18:27:49.6 —10:09:19.0 0,0 18.6(0.2) 9.3(0.9) 1.5(0.1) 0.33(0.03) 0.33(0.03) 0.18(0.04)
75 S-G/A  18:51:06.4 +01:46:40.0 0,0 43(5) 24(2) 3.4(0.3) 1.16(0.05) 0.75(0.05) 0.14(0.08)
77 S-G/A  18:52:46.2 +03:01:13.0 -2,-2 26(2) 12(1) 1.5(0.2) 0.56(0.04) 0.39(0.04) 0.20(0.06)
82 S-G/C  18:56:34.0 +03:49:12.1 +8, +18 43(3) 23(2) 2.8(0.2) 0.87(0.03) 0.52(0.05) 0.18(0.08)
84 S-G/B 18:56:47.8 +07:00:36.1 +6, +3 18(1) 8.0(0.8) 1.2(0.2) 0.45(0.04) 0.32(0.02) <0.4
98 S-G/B 19:09:13.4 +08:41:27.1 —10,—10 68(4) 32(3) 5.8(0.7) 1.6(0.1) 1.09(0.06) 0.4(0.1)
117 A 20:09:54.6 +36:40:35.1 —5,+2 0.9(0.2) 0.25(0.04) 0.20(0.04) <04
136 B 21:30:47.3 +50:49:03.1 0,0 2.1(0.3) 0.46(0.05) 0.37(0.07) <0.4
155 B 23:14:01.9 +61:21:22.0 +9;5 1.7(0.2) 0.31(0.06) 0.20(0.04) 0.11(0.06)
160 C 23:38:30.1 +60:53:43.0 +8, +8 2.6(0.2) 0.84(0.05) 0.52(0.03) 0.20(0.07)
Faint sources or sources without clear peak
36 B 18:01:25.1 —24:29:00.0 0.15(0.04)
57 A 18:25:37.8 —07:42:19.9 0.13(0.03)
68 A 18:39:39.8 —04:31:34.9 0.15(0.03)
87 A 18:58:38.1 +01:06:57.0 0.06(0.04)
122 A 20:21:43.3 +39:47:39.0 0.15(0.03)
125 A 20:27:51.0 +35:21:33.0 0.13(0.05)
129 A 20:33:21.3 +41:02:53.1 0.36(0.03)
Undetected Sources
66 A 18:36:23.1 —05:54:58.9 <0.1
70 A 18:42:25.,5 —03:29:59.1 <0.1
86 A 18:57:10.6 +03:49:22.0 <0.2
91 A 19:01:15.5 +05:05:19.0 <0.2
Missed Primary Peak
3)* S-D 00:42:05.4 +55:30:54.1 +8,4 0.6(0.5) 0.16(0.02) 0.017(0.007)
118 A 20:10:38.0 +35:45:42.0 1.0(0.2) 0.25(0.05) 0.12(0.04) <0.3

* underlined and bold-face indicates association with radio continuum emission (Paper II).

#see footnote 1.

®no FIVEPOINTS cycle done; however, we have SCUBA maps (unpublished) confirming that the pointed position is centered on a mm core.
“first code refers to 0.35-0.45mm photometry.

40.45mm peak is 72E, 2’S of 1.1mm peak.

code referring to the observing night (see Table 1); [Columnsi8-due to the different beamsizes of the UKT14 instrument at
4] source coordinates from the IRAS PSC-2; [Columns Hjfferent wavelengths (see Sect. 2). The ratios between areas of
(Aa(”), A)(")) offset of 1.1 mm peak from IRAS positionthe beam at the different wavelengths anesM . 55-1.1)=1.1
[Columns 6-11] fluxes (in Jy) observed at the given bands, wieimd A; o/A o 35—1.1)=2.1; this means that in case of a source
errors (in Jy) in parentheses (including both statistical and cahiformly filling the 2.0 mm beam (2}, the measured 2.0 mm
ibration uncertainties); upper limits are given at thel@vel. flux will be about a factor of 2 higher than what an extrapolation
Inspecting the spectral energy distributions plotted in Fig. Bom lower wavelengths might suggest. Scaling 1.3 and 2.0 mm
one notes that in most cases the point at 2.0 mm, and sometiplestometry by these factors is in most cases sufficient to bring
also the pointat 1.3 mm, lie above the fitted curve (compare atbose points to agree within the errorbars with the trend sug-
with the fits obtained as described in Sect. 3.2); we believe tigissted by the 0.35-1.1 mm fluxes. A proper scaling of the fluxes
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Fig. 3. The spectral energy distribution of the 17 detedted sources (see Sect. 3) are reported below as
plots of Flux density (Jy) against wavelengjinf). IRAS photometric points are represented by squares;
triangles represent radio 2 and 6 cm fluxes when a radio counterpart is present. Submillimeter photometry,
after removal of free-free contribution (see footnote 2), is indicated with asterisks. The solid lines represent
model fit to the data as described in Sect. 3.2; the corresponding parameters are listed in Table 4. The SED

for #12 does not report the recently detected 3.6 cm emission.

would require knowledge of the (unknown) spatial brightnesgiadrant. In these cases one oughtto estimate distances by using
distribution. the analytical expression for the galactic rotation curve, rather
The luminosities of our sources as listed in Paper | are baghdn the observed velocity field; distances (and luminosities) for
onthe 4 IRAS-PSC2fluxes, plus a correctionto take into accouhé affected sources have been updated accordingly.
emission longward of 1Qdm (Cohen 1973); this correction is
likely to overestimate the true luminosity, because itis assu .
that the SED falls off as a black body. With the help of the nn;\%q' Association of IRAS Low sources
millimeter and submillimeter photometry we can derive a more
accurate value for the luminosity of the observed sources. 10 out of the 30 observddbwsources are associated with radio
With respect to Paper I, the distances have also been sliglbntinuum emission (Paper I, but see footnote 1). We con-
revised for some sources. In Paper | all distances were estimatielér a source associated with a millimeter continuum counter-
from the Vs of the (1,1) ammonia line, using the observegart, and hence a detection, only whepeakof emission is
velocity field as determined by Brand & Blitz (1993); howeveglearly detected. In 17 of the 30 observed sources we detected
as noted by Brand & Blitz, the data are quite sparse for distang@siked millimeter emission. In 7 (out of 30) cases only faint
greater than 5 kpc from the Sun in thé&dland IlI" galactic millimeter emission was detected, or no clear peak was found;

with millimeter counterparts
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in 4 (out of 30) cases only upper limits could be establishethble 3. Detection Summary
In two cases (sources #3 and #118) only a relative maximum
of millimeter emission was located by the automatic maximizasxm Radio Low* H,O mase?

tion procedure; these sources will be conservatively consideked N 1 3
as non-detections. These numbers are summarized in Tablg 3, v 6 0
where we also give information about association with radio N 9 1
counterpart (Paper Il) andJ® masers (Palla et al. 1991). N Y 4 0

The overall millimeter detection rate is 17/387%; the mm ) - )
detection rate does not distinguish betwéemw sources with :radlo detections include the two recent detections (see footnote 1).
(6/10=60%) and without (11/20=55%) a radio counterpart. Al-based on Palla etal. (1991)
most all (8/9) sources with HD masers are associated with a
mm peak, while none of the sources with a maser has a ratlice and density. The flux observed at each frequency can be
counterpart. Because the occurrence of water masers geneedjyressed as:
preceeds the development of an UG kegion (Churchwell et

al. 1990), this result, together with the 57% overall detectign, — M72D ty Bw,T) 2)
rate, is an independent confirmation of the validity of our ap- d
proach to select massive protostars (see Fig. 1). where Mp is the dust mass] the distances, the dust mass

In the group ofLow sources, we find young and old objectepacity parametrized as, = r,,(v/v0)?, and B(v,T) the
(see Sect. 1 and Paper Il), i.e. both UG Eind older, extended Planck function. The temperature enters only in the Planck func-
Hit regions. This way three out of foluiow sources with a ra- tion and determines the wavelength of the peak of the continuum
dio counterpart that are not associated with a mm-peak candpission. The mass affects the overall level of continuum, while
accounted for: in these sources the associatedddions are the opacity fixes both the absolute level and the slope of the
more extended<(2, 225, 2500 and 3606 for sources #3 (see submm continuum. The largest uncertainty in the mass deter-
footnote 1), 68, 91 and 129 respectively) than in 5 of th®® mination comes from the assumption of the dust mass opacity.
sources with both anidregion and a peak in the mm-emissiomildebrand (1983) proposed a tods+dustmass opacity of
(<2, 100, 3.8, 3.7, and 158 for sources # 12 (see footnote 1)0.1 cn? g~* at 250um, and in spite of the order-of-magnitude
50, 82, 84, and 155S respectively). Only # 117 has relativalyicertainties that are generally believed to affectthg value,
extended radio emission (625 and associated mm-emissionOssenkopf & Henning (1994) concluded that a variation at most
The lack of millimeter detection correlates with the extensiasf a factor 5 can be expected depending on the presence of ice
of the Hi region and identifies the oldest sources of the sampigantles on grains. To estimate the dust mass, temperature and
For theLow sources without a mm counterpart, the ammoni@missivity law, we fit Eq. (2) to the available data points by min-
column density never exceeds 80'3 cm~2 (Paper 1), while imising the x2. For sources associated with radio counterpart
it ranges between 1 and 10° cm~? in the Low sources de- we extrapolatetithe observed 2 and 6 cm radio continuum (Pa-
tected in the millimeter. Hence one possible explanation fper 1) and subtracted this contribution from the observed mil-
the non-detections in the millimeter is that the peak of emibmeter fluxes before doing the fit. Twenty-five iterations were
sion is significantly displaced with respect to the nominal IRASerformed in which the search radius for minimyin each
position, and our ammonia observations only detected the neriable was decreased by a factor 1.25 each time a minimum of
atively lower-density peripheral regions of the core. Typically? was reached. Reduced values at the end of the procedure
at least two or three FIVEPOINTS crosses (see Sect. 2) wevere typically less than 3-4. We checked the repeatability of our
performed around the IRAS position, so that we could pick upsults by running the fitting procedure with starting values for
the millimeter peak only if it was within-20” from that posi- mass, temperature and dust opacity spanning one order of mag-
tion. Alternatively, the sources are not necessarily compact; thieude; the maximum variation in the final best fit values was
IRAS resolution at 10@mis 2 3, and the bulk of the FIR flux of less than 2%, with thg? remaining constant to the second
might arise from a relatively diffuse source. In this case eithdecimal digit. We also checked the sensitivity of the figal
the column density is too low for millimeter detection, or was a function of the fit parameters, and we found that keeping
might have been chopping with both the ON and OFF beamstite temperature fixed to a value within 10% of the best fit value
the diffuse source. yielded ay? higher by 80%, causing the fit to converge at mass

andg values different by respectively30% and~10% from

3.2. Dust physical parameters the best fit values. The repeatability and the high sensitivity of
Itis common practice to use submillimeter and millimeter radi-~ FOr sources #117 and 155, the radio spectral indices (see Paper Il)

ation to trace the global properties of the dust. The assunff® not consistent with free-free (either thin or thick) or ionised wind,

tion is that dust is optically thin at submillimeter and rniI_but seem to suggest non-thermal origin. We believe this is due to the

. o o5 .o extension of the sources and the different v coverage of our radio
limeter wavelengths up to column c_iensn@fg ~ 107 cm maps (Paper II) which may result in loss of diffuse 2 cm emission. In
(Mezger 1994). In the usual formalism (Hildebrand 1983), this case we extrapolated the 6 cm flux towards the sub(mm) assuming
emission is assumed to come from dust at a single tempegayptically thin free-free spectrum.
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Table 4.Derived Physical Parameters dust emissivity spans arange 156 <2.38 with a mean value
of 1.87+0.23, consistent with the classical “astronomical sili-

# d L B Mo NH2) Ta Az cate” (Draine & Lee 1984) and with laboratory measurements

(kpc) Lo) (M)  (1022em=2) (K) (um) (Agladze et al. 1996). For low-mass objects it has been found
8 10.80 39300 1.56 210 1.7 37 12 thatolder sources tend to have a higBevalue (e.g. Zavagno
(12p 117 470 162 88 5.9 27 29 etal 1997), a fact that can be explained by the destruction of
28 4.48 5670 157 9.8 0.4 45 5  fluffy dust aggregates (Ossenkopf & Henning 1994) due to the
30 2.00 3500 198 17.6 4.1 35 37 increased envelope temperatures and higher energy radiation
38 0.12 64 208 034 21.8 24 91 fields characteristic of more evolved YSOs. The difference in
45 433 21200 1.89 360 17729 71  ayerages values betweehow sources with and without asso-
50 489 17300 1.98 105 4.1 34 37

ciated radio emission, 2.610.24 and 1.720.19 respectively,

59 570 11000 1.77 100 28 32 23 5 only marginally significant and seems to suggest that among
» 3.86 13000 158 100 62 8 2z Lowsources detected in the millimeter, those which do not have
77 5.26 9000 1.72 115 3.8 32 26 . !

82 6.77 15400 2.00 520 105 26 o @ radiocounterpartare younger.

84 216 4300 203 122 24 37 30 The mean dust temperaturg; 75 32 £ 5 K, consistent

98 4.48 9200 1.65 270 12.4 29 47 Wwith the shape of the spectral energy distributions peaking at
117 8.66 25100 2.04 190 2.5 33 30 A ~100pm. The individual values are up to 15 K higher than
136 6.22 11600 1.87 200 4.8 30 35 thekinetictemperatures derived from the ammonia observations
155 520 10600 2.38 200 6.8 28 65 (meanvalu@4+ 7K, excluding source #75 whose temperature

160 4.90 16000 2.03 230 8.8 31 130 considerably deviates from the rest of the group). This differ-
) o o _ _ ence is in part due to the different beam sizes involvedQ’
T Underlined and bold-face indicates association with radio countefr ihe JICMT against40’ at Effelsberg), but it may imply that

Eegge footnote 1 millimeter continuum observations trace denser and hotter ma-
. terial.

b |_uminosity from Molinari et al. 1998b. h | f i I h d
¢ Additional radio interferometry data indicate a Column density of The total mass of circumstellar matter spans three orders

2 % 1024 cm~2. However, for homogeneity reasons we do not use tH¥ Magnitude and correlates well with the bolometric lumi-

value in this table and in Fig. 5. nosity (both parameters have the same dependence on dis-
tance). There is no difference in column denstibstween
Low sources associated and not associated with radio coun-

the 2 to the fit parameters, suggests that the internal accuraegparts; the mean value 9?2704 cm~2. Using the NH

of the method is within a few percent. column densities from paper I, we find ratios 8710 <

The fitted spectral energy distributions are presented [M(NH3)/N(H2)]< 2.1 x 10~8. These value of the ammonia

Fig. 3. The peak of the continuum distribution is around 460 abundance are consistent with the determinations>af03®

so the submm data only cannot guarantee a meaningful consr-Harju et al. (1993), and210~? and 9<10~% by Cesaroni

gence of the fit. Therefore, we have also included the IRASWilson (1994).

60 and 10Qum fluxes and for each source computed, based on

the fitted opac;ity and assuming an emitting area equal to HeTne nature of the Low sources with millimeter

JCMT beamsize, the V\{ave_length where the optical de_pth be-4nd without radio counterparts:

comes greater than unity (in most cr?ls}es:60 ©m). HaV|r_19 ZAMS stars or pre-ZAMS objects?

estimated the mass, we can then derive thedlumn density,

assuming a gas/dust ratio of 100 by weight and a size of tAé& have seen that the grouplaw sources is somewhat of a

emitting area equal to the beam size. The results of our andljixed bag, as it contains both young and old(er) objects. The

sis for the 17 sources with a millimeter peak are summarizggungest members of this group are tissvsources, detected at

in Table 4 which is organized as follows: [Column 1] sourcBm-wavelengths, butwithout associated radio continuum emis-

running number as in Papers | and II; [Columns 2-3] distan&&n. What we do not yet know, is the actual evolutionary state

to the source in kpc and bolometric luminosity corrected as eéX-these latter objects: are they pre-ZAMS objects, still in the

plained at the end of Sect. 3; [Column @)value; [Column 5] Phase of mass-accretion (i.e. Class 0 objects), or have they al-

total (gas+dust) mass; [Column 6] derived éblumn density; ready reachedthe ZAMS, and therefore althoughyoung, already

[Column 7] dust temperature; [Column 8] wavelength whefg @ more advanced evolutionary state? In the following discus-
=1. sion we take a look at both alternatives. In particular, we must

explain the lack of radio emission in our sample: such emis-
sion can originate in an ionized stellar wind or in an kegion.

4. Global properties of the millimeter counterparts
of Low sources % We point out that we have limited information about the spatial
distribution of the submillimeter emission in our sources, so that the
We will now turn our attention to the properties that can be dgerived column densities could be lower limits in case the source is
rived for the mm-detectedow sources. The exponefitof the smaller than the beam.
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2

The latter case is discussed below. Powerful, ionized winds are 10
present both in the pre-ZAMS and in the ZAMS phases. How-
ever, their emission generally is much weaker than that of an 3
UCHI1region and it would easily escape detection given the typ- 1omr A0 T
ical distances of our sources (2—6 kpc). For example, the Orign
BN object, a prototypical embedded, high luminosity YSO, has 02l N0
aflux at 15 GHz of only 6.5 mJy (Felli et al. 1993), too faint to3 .
be detected at distances greater than 2 kpc. r

Hil

5.1. They are ZAMS stars

The key question to answer in this case is why high-luminosity 1070 i

ZAMS sources, associated with massive circumstellar en- 0! 0% 10

velopes and potentially able to create am kegion, remain

undetected in radio continuum. Various mechanisms that migptig. 4. Plot of the radiuss time for an expanding H region around

be responsible will be looked at. Two of the possible scenari@sB0 ZAMS star for two values of the circumstellar density (dashed

namely the one invoking residual accretion from the envelofiees). The horizontal lines mark the upper limit of the radius of op-

to quench the formation of aniHregion, and the possibility of tically thick Hir regions computed with the parameters of our radio

a circumstellar disk origin for an ionised region (Hollenbach 8Pn-detected sources.

al. 1994), have been discussed in Paper II; although they repre-

sentviable explanations, they will not be further elaborated heke flux upper limit of 1 mJy ah = 2cmina 9.4<10~!! sterad

as our present data do not add new information on the subjelctt 2'2) beam (Paper I1) for the radio emission in our sources,

translates intd,,;, ~1.5 K. Assuming an electron temperature

of 10* K, yields a beam filling factor of},,,/10* = 1.5x 1074,

which allows us to express the upper limit of tha kadius as

We start by examining the possibility that the sources are rafunction of distance], as

detected in the radio because the hypothetiaarégion is ex- s

tremely compact and optically thick. Our millimeter observd-! (pc) ~ 6.7 x 107" d (pc). (5)

tions prove that these sources are associated with peaked emisTne situation is then summarized in Fig. 4 (see also DePree

sion which implies average particle densities of the order gf 5| 1995 and Akeson & Carlstrom 1996). The radius of the H

10> cm~? atleast; this estimate is obtained dividing the columgion arising from a BO ZAMS star (such a star has a luminosity

densities from Table 4 by the beam projected diameter at §mparable to that of most of our sources - see Table 4) is

distance of each source, under the hypothesis of a spherical i§gnputed as a function of time according to Eg. (3) for two

dense and isothermal dust envelope which completely fills thg),es of the circumstellar density, .@nd 10° cm—3. From

beam. This is a lower limit, however, since the sources mighjy 4 it is clear that even a circumstellar medium with a density

be smaller than the beam. The central density of the YSO'S &#-1 019 cm~3 cannot keep the size of the expanding gion

velope is the parameter that mostly i.r?fluences the expansiorh@fow the estimated upper limits for our sources for more than

an Hi region. The volume of the initial Simgren sphere of _3 000 years. Therefore, it is unlikely that our radio undetected

radiusrs is inversely proportional to the 2/3 power of the denggyrces with millimeter peak are optically thickiHegions,

sity of the medium; once the sphere is filled with het 10°K) unless we accept that all of them are in the fig8t000 years of

ionized material, the pressure unbalance with the surroundipgr expansion. Comparing this time with the estimated lifetime

neutral and colder material drives a rapid expansion accordg¥an UC Hi region (Wood & Churchwell 1989), we should

to (Spitzer 1978) expect to find 100 times morerHregions than precursors in
7et\ V7 ourLowsample; statistical arguments based on the observations

r(t) =rs (1 + 47;3 > ) suggest a much lower number (see Sect. 5.2).

wherec;, is the isothermal sound speed ahthe time. It is _
interesting to compare the radius reached by thedgjion with 5.1.2. Dusty Hi regions

the upper Ii_mits for the radi.i of opticglly_ thick Hiregions that We now consider the possibility that dust may completely ab-
we can Qerlve from our radio upper limits (Paper Il). The Mallly b the UV continuum from the central ZAMS star. Dust in H
beam brightness temperature of a homogeneous and Opaqu%_éions is needed to explain why the Lyman continuum flux, de-

region is given by: rived from radio observations, is generally lower than what is
F\? 4) expected based on the bolometric luminosity of the ZAMS star
2kQ which drives the ki region (e.g. Wood & Churchwell 1989;

where the fluxt' is expressed in mJy, the wavelengtin cen- Paper Il). Dust grains which survive in the ionized region have
timeters and the beam solid angbkein sterad. A conservative indeed the net effect to absorb a relevant fraction of UV con-

il Lol Ll
10t 10° 10
Time (yrs)

3 10

7

5.1.1. Compact and thickiHregions

T = 10726
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In Fig. 5 we plot the bolometric luminosity against the H
column densities given in Table 4 foowsources with millime-
1041 T Iﬁ Qﬁ Tﬁ Ig T | ter counterpart both.associaFed (full symbols) and not associated
g =) . 1 (empty symbols) with a radio counterpart. In order to be sure
i ¢ 1 that our radio non-detections are not due to a luminosity effect,
107k i E we perform on each source the same check we did in Paper II.
B 1 Assuming optically thin emission in the radio (the optically
thick case has been treated in par. 5.1.1.1) and that all sources
are ZAMS stars, we convert the 1 mJy upper limi(&it 2 cm
(Paper II) into an upper limit for the Lyman continuum flux
1] according to Eq. (5) of Paper Il, and into an upper limit of the
F luminosity, using the stellar parameters of Panagia (1973). The
‘ ‘16‘22 . {5‘23 “ luminosity thresholds for radio detection are plotted in Fig.5
N(H,) (cm™) as small horizontal bars connected by a vertical segment to the
corresponding value of the bolometric luminosity. We see that
Fig. 5.Bolometric luminosity plqtted ag_ainstﬁolumn density (from only two cases the expected luminosity is greater than the
Table 4) forLow sources associated with millimeter counterpart. Full) <o ved one. This means that only for these sources the stellar

and emply circles r.epresehbw sources with and without a radloIuminosity is not high enough to produce a significant amount
counterpart, respectively. The small horizontal bars connected to ea?rll man continuum ohotons
HLy inuum p .

symbol represent the luminosity threshold for radio detection bas® ) . .
on the parameters of our VLA observations, see Paper Il. Source #12 Another important result is that a comparison between full

(indicated with a full circle and an asterisk) was recently detected &hd empty symbols in Fig. 5 shows that batw sources asso-

radio (see footnote 1) but with a much higher integration time and ircé2ted and not associated with radio counterpart span the same

different band and VLA configuration with respect to paper II. range in luminosity and gas column density. If the stellar UV
continuum were absorbed by the dust, we would expect the
empty symbols to be preferably found at high column densities,

tinuum emitted by the central star, which hence is no longafd the opposite for the full symbols. The fact that we do not see
available for ionization (Aannestad 1989); the grain tempera¥ch a segregation suggests that dust is not responsible for the
ture is a function of optical properties, of the distance from tfon-detection of radio continuum emission. However, a caveat
heating source and the temperature of the heating source it§eif order. If the size of the Hregion is much smaller than that

(in the present case it is the stellar continuum of the newbdffiPPed by our submm continuum observations, no correlation
ZAMS star). The distance where the grain temperature exceéti§Xpected between the column density given in Table 4 and
its sublimation valueTq;=1500 K) sets the location of the dusthat inside the ki region. Then, dust absorption could account
destruction front (“ddf”) and can be approximated as (Beckwifﬁr the lack of radio emission. Observations at submm wave-

et al. 1990): Iel_"ng_ths with arcsecond resolution should be valuable to address
this issue.
R/ T, \*
* *
= — 6 .
Raat 2 <Tddf> ©6) 5.1.3. Single sources or clusters?

This quantity should be compared with the size of an eRnother possibility that could potentially explain the lack of
panding Hi region Computed from Eq (3) In the case of a Bmd|0 emission is that the IRAS sources contain a group or clus-
ZAMS star (T,=30900 K, R= 5.5 R; Panagia 1973), it can ter of embedded objects, a most likely occurrence for sources
be shown that if the initial circumstellar density<is102 cm—3  of spectral type earlier than B5 (Hillenbrand 1995, Testi et
then the dust destruction front is enclosed in the ionized regigh 1999). In such a case, the total observed luminosity should
already at the start of its expansion, irrespective of the valuekst partitioned among all cluster members with the result that the
3. In case of higher densities, the ionized region is initially dugtost massive object may no longer be bright enough to power
free, and the time needed for thertfegion to reach the “ddf’ @ detectable H region. To test this hypothesis, we have com-
increases with density an#ét about 3000 yrs are necessary foputed the luminosity of the most massive member assuming that
p ~ 102 cm3 and 3 ~ 2. We note that in the short periodmassesinthe cluster are distributed according to the IMF (Miller
when the expanding Hregion has not yet reached the “ddf”, it& Scalo 1979). We found (see also Wood & Churchwell 1989;
is its compactness which makes it undetectable in the radio (§&#tz etal. 1994; Cesaroni et al. 1994) that the luminosity of the
Sect. 5.1.1). In Paper Il we made the suggestion that the sour®@st massive member is about 50% of the total observed lumi-
of the Low sample that went undetected in radio at the VLANOsity, and we can see from Fig. 5 that for most of the sources
might be ZAMS stars with circumstellar dust column densitie& reduction of the luminosity to 50% of the observed values
high enough£ 1022 cm~2) to completely absorb the UV field. would put them below their individual detection thresholds (the
Our millimeter continuum measurements allow us now to cheBRrrizontal dashes in Fig. 5).
this possibility.
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5.

107 Mo/yr — tope=1.5

It is important to note however, that the cluster hypothe- 10
sis works equally well foL.ow sources with and without radio
counterpart. Given that the two types of sources in our presegt
sample have comparable luminosities, the real question wo@lg:i e N e
be why sources are detected in radio continuum. Thus, although
it is likely that our sources contain a cluster of lower Iuminos?
ity objects, we do not think that this occurrence can explai '°
the lack of radio emission, unless the radio detection identifiés
which sources are clusters and which are not. -

10° yrs

107° Mg/yr — tys=810" yrs

Total

5.2. They are pre-ZAMS objects

We now explore the possibility that oupw sources with mil- 5 0 5 ‘
limeter and without radio counterpart are really precursors of Stellar Mass M,(Mo)
UCHII regions, massive YSOs in a pre-ZAMS (pre-H-burning)

phase, deriving their luminosity from both accretion and cofig: 6. Total (accretion+surface) luminosity plotted against the stellar
traction of their pre-stellar core. core mass in solar units, for two values of the mass accretion rate. The

'ng needed to reach the ZAMS, is also indicated.

The pre-main sequence evolution of a massive object rd
much faster than for a low mass object. In particular, a
M, >8Mj, star accreting at a rate of 10 Mg yr—' does more UCH1 regions than It precursors. How does this number
not experience a pre-main sequence phase, and the object je#ifipare with the observations?
the main sequence while still accreting mass from its parental The number ofLow sources with radio counterparts is 11
cocoon (Pa;lla& Stahler 1990). However, ai® mass star re- (also including #3 and #12 — see footnote 1), out of an origi-
leases- 10° L on the ZAMS (Panagia 1973), while it cannohal sample of 3T.ow sources associated with ammonia (Paper
radiate more thar- 3000L., when accreting. The situation is|) and observed in radio (Paper ). It is plausible to assume,
illustrated in Flg 6, where the total emitted Iuminosity is p|01however, that a number of oldé&iow sources not associated
ted against the core mass for mass accretion ratesofa8d  with ammonia may be associated with radio continuum emis-
10~* M, yr~1. In this simplified treatment we assume that thgjon. Indeed, as we pointed out in Papex 6 cm VLAsurvey
emitted luminosity comes from accretion and the contraction ¢ughes & MacLeod 1994) made on a list of sources contain-
the central pre-stellar cate ing 15Lowfrom our original sample, showed that although the

Since most of our sources have luminosities in excess ofradio detection rate was very high95%), ammonia was ab-
10" Lo, we conclude that we are either exploring a higher masgnt in 80% of the_ow sources detected in radio by Hughes
range or hlgher rates of mass accretion. It is Important to n@aviacLeod. This suggests that 80% of ther lfegions present
thatin the latter case the mass at which the central object reagieie Low group are not associated with ammonia. The total
the ZAMS increases from 10/, for M = 3 x 107° Mg yr™"  pnumber of Hi regions we estimate for the complete sample of
to 15 Mg, for M = 10~* M yr~! (Palla & Stahler 1992). | owsources in Paper | is then 11/0.2=55 sources.
In other words hlgher accretion rates will produce hlgher mass Now, we estimate the number of U(m—precursors_ There
stars when the star first reaches the ZAMS. are 8Low sources with >8 000L, associated with a peak of

As shown in Fig. 6, the end point of each curve correspongilimeter emission without radio counterpart, corresponding
to the mass at the time of the arrival on the ZAMZylis. We  to 40% of the total sample of 20 objects. Since notLaiv
can see that an object accreting at 40/, yr—" has a lumi- sources without radio counterpart could be observed in the sub-
nosity comparable to those of our sources (s&000L, the - millimeter, the total number of Hiprecursors present in thew
horizontal dashed line) for60 000 years. On the other hand, group is estimated as (38-149.4~11 (assuming that sources
protostar accreting @/ = 10~° M, yr—" will never be able without ammonia association do not contair precursors).
to produce the observed luminosities. There are 8 sources with In conclusion, the ratio between the number of fégions
L>8000 Lein our sample, and this luminosity would corréand Hi precursors is-5, remarkably close to the expected num-
spond to a core mass of, for an accretion rate of 10 Mg, per. Also, the number of H precursors agrees with the expec-

yr_l. A Comparison with the time that a massive source Sper‘_ﬁﬁon of ~10 sources in the entireow group given in Paper
in the UCH1 phase (;; ~ 3 x 10° yrs, Wood & Church- |

well 1989) suggests that our sample should containtimes

6. Conclusions

4 \We have used We have obtained millimeter and submillimeter photometry of
Lace=3.14x10* Lo (M. /Mo)(Ro/R.) (M/1072 Mg yr=1), a sample of 30 luminousow sources known to be associated
the M, /R, relationship of Palla & Stahler (1991), and the radiativith dense gas. The aim of these observations is to identify those
luminosity from Fig. 1 of Palla & Stahler (1993). objects that might be considered precursors of UQrefjions.
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A clear millimeter continuum peak is detected in 11 sources dut a critical reading of the manuscript. We are grateful to the James
of 20 sources without a radio counterpart, and in 6 out of Ilerk Maxwell Telescope staff, and in particular G. Sandell, for their
sources with a radio counterpart. The derived dust temperatu@ésjstance during the observations; the UKSERV program for remote
and column densities do not distinguish between the two typcﬁefgvice observations with Fhe JCMT is also acknowledged. The _James
of sources. The mean value @fthe exponent of the frequencyC'erk Maxwell Telescope is operated t_)y The Royal Observatories on
dependence of the opacity, seems higher for sources detect d of_the UK PPARC, _the Canadian NRC and the Netherlands
the radio continuum (2.080.22 versus 1.780.18) which we . This project was partially supported by ASI grant ARS-98-116.
interpret as an indication of a more advanced evolutionary state.
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